Introduction
The term genomic instability summarizes a variety of genomic alterations which include the loss or gain of chromosomes as well as genetic changes at the level of single genes, such as rearrangements, translocations, ampli®cations, deletions and point mutations, and has been considered to be a major driving force of multistep carcinogenesis (Nowell, 1976; Pienta et al., 1989; Temin, 1988; Solomon et al., 1991) . Genomic integrity is maintained by checkpoint mechanisms; when cells suer damage imposed by exposure to genotoxic drugs or microtubule toxins, the cell cycle is halted until the damage is repaired or apoptosis is initiated (for reviews, see Hartwell, 1992; Weinert and Lydall, 1993; Hartwell and Kastan, 1994) . The p53 tumor suppressor protein exerts checkpoint functions at the G1/S (reviewed in Hartwell, 1992; Weinert and Lydall, 1993; Hartwell and Kastan, 1994; Kastan et al., 1995) and G2/M transitions Cross et al., 1995; Guillouf et al., 1995; Orren et al., 1995; Wahl et al., 1996) of the cell cycle. Thus, the absence of p53 results in loss of checkpoint control, leading to genome destabilization.
p53 has recently been shown to be involved in the regulation of the centrosome duplication cycle; in embryonic ®broblasts derived from p53-nullizygous mice (p53 7/7 mice), abnormal ampli®cation of centrosomes is frequently observed (Fukasawa et al., 1996) . During mitosis, centrosomes become spindle poles and play a vital role in bipolar spindle formation and accurate chromosomal segregation. In the presence of an abnormal number of centrosomes, chromosome instability occurs frequently due to multipolar mitosis. Consistent with the proposed role of p53 in genome stability and that of genomic instability in tumorigenesis, p53 7/7 mice develop a variety of tumors early in life (Donehower et al., 1992; Jacks et al., 1994) .
In addition to abnormal centrosome duplication, recent studies have shown that in the absence of p53, gene ampli®cation occurs at higher frequencies (Yin et al., 1992; Livingstone et al., 1992) . Gene ampli®cation aects several genomic loci, among them are oncogenes (Alitalo, 1985; Yokota et al., 1986; Van der Bliek et al., 1986; Stark, 1993; Feo et al., 1994) . Gene ampli®cation is a dynamic process, and is often accompanied by the generation of double minutes (Wahl, 1989) .
The c-Myc protooncogene is frequently deregulated in tumors; translocation and ampli®cation of c-myc as well as increased half life and overexpression of the oncoprotein are observed in many tumors (for a review, see Marcu et al., 1992; Bishop, 1995) . Moreover, c-Myc overexpression has been implicated in gene ampli®cation (Denis et al., 1991; Mai, 1994; Mai et al., 1996) .
Here, we have studied genomic instability in vivo in dierent organs of p53 7/7 mice (4 ± 6 weeks old), with age-matched p53 homozygous (p53 +/+ ) mice as controls. We found that, in all p53 7/7 tissues examined, a substantial percentage of cells contained abnormal numbers of centrosomes and displayed aneuploidy. Moreover, c-Myc overexpression was observed in 5 ± 15% of p53 7/7 cells. In these cells, dihydrofolate reductase (DHFR), carbamoyl-phosphate synthetase-aspartate transcarbamoyl-dihydroorotase (CAD) and c-myc genes exhibited gene ampli®cation. Apoptosis of cells, which displayed abnormal numbers of centrosomes, aneuploidy, gene ampli®cation and cMyc overexpression, was frequently observed.
Results

Aneuploidy in p53
7/7 mice
We examined genomic instability in dierent organs of clinically healthy p53 7/7 mice (4 ± 6 weeks old) by cytogenetically assessing chromosome ploidy. Agematched parental p53 +/+ mice were used as controls. We characterized spleen-, thymus-, and bone marrowderived cells, as well as skin-and spleen-derived ®broblasts. These analyses revealed aneuploidy; hyperdiploid, hypo-, hypertetraploid, and polyploid metaphase plates were present in all organs examined (Figure 1 ). The percentage of aneuploid mitotic plates varied between individual mice; the mean frequencies were 25.6% in the thymus, 34.8% in ®broblasts, 10% in the bone marrow, and 20% in the spleen (Figure 1) . No aneuploidy was observed in p53 +/+ mice ( Figure 1 ). Cytogenetic studies also revealed that ®ve percent of all metaphases present in the p53
fetal liver hematopoietic cells were aneuploid (Figure 1 ). In contrast, there was no evidence of aneuploidy in agematched p53 +/+ fetal liver hematopoietic cells.
Abnormal centrosome ampli®cation in vivo in p53
7/7 mice p53 has been implicated in the regulation of centrosome duplication, and multiple centrosomes are generated in p53 7/7 embryonic ®broblasts (MEFs) during a single cell cycle (Fukasawa et al., 1996) . In the present work, we tested for the ®rst time whether the chromosome instability observed in p53 7/7 mice was associated with multiple centrosomes per cell in vivo. Spleen-, thymus-, and bone marrow-derived cells were immunostained with anti-g-tubulin antibody to identify centrosomes (reviewed in Oakley, 1992; Joshi, 1994) , and the number of centrosomes per cell was scored. The numerical distribution of centrosomes in various organs of p53 +/+ and p53 7/7 mice is summarized in Figure 2a . More than 99% of the interphase p53 +/+ cells contained one or two centrosomes, most likely depending on their duplication cycle, while 20 ± 30% of the interphase p53 7/7 cells contained 42 centrosomes. A typical example of normal vs aberrant centrosome duplication is shown in Figure 2b . Thus, as previously observed in vitro in p53 7/7 MEFs, we found now in vivo that mitotic p53 7/7 cells frequently displayed abberant spindles, organized by multiple copies of centrosomes. However, as we have reported (Fukasawa et al., 1996) in some mitotic p53
7/7 cells, abnormally ampli®ed centrosomes sequestered to the poles to form bipolarity (data not shown). These results imply that abnormal amplification of centrosomes occurs in vivo, and this may lead to chromosome instability in p53 7/7 mice.
Gene ampli®cation in p53 7/7 mice
To evaluate the genomic (in)stability of single genes in p53 7/7 mice in vivo, we performed¯uorescent in situ hybridization (FISH). We chose to analyse the c-myc gene, which is frequently translocated and/or ampli®ed in tumors (for review, see Marcu et al., 1992; Bishop, 1995) , and the DHFR gene, whose genomic instability is altered following either drug selection (Stark, 1993) , growth factor (Huang and Wright, 1994) or c-Myc overexpression (Denis et al., 1991; Mai, 1994; Mai et al., 1996) . We also examined the CAD and the ribonucleotide reductase R1 (R1) genes. The CAD gene encodes a trifunctional enzyme of the pyrimidine biosynthesis and has been shown to be ampli®ed after exposure to PALA (N-(phosphonoacetyl)-L-aspartate) (Otto et al., 1989; Yin et al., 1992; Livingstone et al., 1992) . R1 forms a functional ribonucleotide reductase molecule in association with a second subunit, ribonucleotide reductase R2 (R2). The genomic stability of R1 is maintained even in malignant cells (Mai et al., 1996) and served as a control.
In all p53 7/7 tissues examined, we detected an increase in¯uorescent signals as observed by FISH for DHFR and c-myc as well as for CAD in both interphases and metaphases (Figure 3b ± e and Figure  4 ). In contrast, no increase in¯uorescent signals for the above genes was detected in age-matched control p53 +/+ mice ( Figure 3a ). R1 was present as single copy gene in both p53
7/7 and p53 +/+ cells (data not shown). An increase of¯uorescent signals as detected by FISH may be due to two forms of genomic instability, karyotypic instability (gain of chromosomes) and/or gene ampli®cation. The latter may also involve the formation of extrachromosomal elements which is frequently found in early stages of tumorigenesis (Wahl, 1989) . We observed extrachromosomal elements hybridizing with either DHFR or c-myc in all organs of 4 ± 6 week old p53 7/7 mice; a representative picture is shown in Figure 3e .
Based on the data presented above, we suggest the presence of two types of genomic instability in p53 de®cient mice, namely gene ampli®cation and karyotypic instability (gain or loss of chromosomes).
c-Myc overexpression and ampli®cation of c-myc, DHFR and CAD in the same p53 7/7 cells Since c-Myc overexpression has been shown to be associated with locus speci®c gene ampli®cation, we examined the levels of c-Myc protein in p53 7/7 bone marrow-, thymus-, spleen-derived cells as well as ®broblasts by quantitative¯uorescent immunohistochemistry (Materials and methods). Five to ®fteen percent of the p53 7/7 cells in all tissues examined showed a two-to eightfold increase in c-Myc expression, while less than 1% of p53 +/+ cells expressed detectable levels of c-Myc protein. To determine whether c-Myc deregulation and genomic instability of single genes occurred within the same p53 7/7 cell(s) in vivo, we developed the Combined Protein/FISH Analysis (CPFA) (Materials and methods). This assay allows the simultaneous analysis of c-Myc protein levels and FISH hybridization signals in the identical cell(s) in vivo. It therefore allows one to conclude whether c-Myc overexpression is associated with genomic instability in the same cell(s) in vivo. A similar technique has been independently established by Hessel et al. (1996) .
Using CPFA, we observed c-Myc overexpression and ampli®cation of DHFR, c-myc, and CAD genes, but not of the R1 gene within the same individual p53 7/7 bone marrow-, thymus-, spleen-derived cells as in primary ®broblasts (Figure 4 , panels a-a'', b-b''). Thus, locus-speci®c gene ampli®cation in p53 7/7 mice appears to be accompanied by c-Myc overexpression.
Apoptosis of genomically altered cells in p53
7/7 mice Despite the extensive genomic alterations present in fetal and neonatal life, p53 7/7 mice develop without apparent abnormalities (Donehower et al., 1992; Jacks et al., 1994) . One possibility is that cells with deleterious genomic alterations may be eciently eliminated by apoptosis. We therefore determined apoptosis in organs and ®broblasts from p53 (Figure 5c ). Such morphologically atypical chromosomes were exclusively observed in p53 7/7 mice. They seem to undergo chromatid fragmentation and degradation and often showed gene ampli®cation as well ( Figure  5d ). Apoptotic cells characteristically displayed multiple copies of centrosomes (Figure 5g) , aneuploidy, cMyc overexpression (Figure 5f ), and/or gene amplifications (Figure 5d ).
Discussion
p53
7/7 mice develop a variety of tumors early in life (Donehower et al., 1992; Jacks et al., 1994) , but the mechanisms underlying this tumor predisposition have remained elusive. Here, we have shown that cells directly isolated from p53 7/7 mice display extensive aneuploidy and gene ampli®cation. This enhanced genomic instability seems to be coupled with the high susceptibility and frequency of tumor development in these mice.
Genomic instability initiates during embryonic development and increases during life; haematopoietic cells of the fetal liver displayed 5% of aneuploidy, while all organs of young (4 ± 6 week old) exhibited higher levels of aneuploidy (Figure 1) .
Abnormal ampli®cation of centrosomes occurs in p53 7/7 mice in vivo, in all cell types tested. The adverse eects of abnormal centrosome ampli®cation are readily observed in cells undergoing mitosis. For instance, the formation of aberrant mitotic spindles organized by multiple copies of centrosome was frequently observed in p53 7/7 mice. Such events are likely to impair chromosomal segregation, and induce karyotypic instability and aneuploidy.
Consistent with in vitro studies demonstrating that c-Myc expression is negatively regulated by p53 (Ragimov et al., 1993) , we found that in the absence of p53, all tissues became permissive to c-Myc overexpression. However, only 5 ± 15% of p53 7/7 cells Genomic instability and apoptosis in p53 7/7 mice K Fukasawa et al expressed high levels of c-Myc protein, suggesting that the additional event(s) may be required for c-Myc overexpression to occur and/or that cells overexpressing c-Myc undergo apoptosis ( Figure 5 ; Evan et al., 1992; Packham and Cleveland, 1995) .
The absence of p53 and the deregulation of c-Myc expression seem to cooperate during tumor development. For instance, c-Myc overexpression and lack of p53 have synergistic eects during lymphomagenesis in Emmyc/p53 +/7 and CD2-myc/p53 7/7 mice (Blyth et al., 1995; Hsu et al., 1995) . Thus, c-Myc may play an important role in the overall tumor susceptibility of p53 7/7 mice by contributing to genomic instability, such as locus-speci®c gene ampli®cation as well as incresaed proliferation rates (Karn et al., 1989) .
It has been previously shown that cell lines overexpressing c-Myc display DHFR ampli®cation, independent of species and tissue origins (Mai et al., 1996) . Moreover, the c-myc gene was both translocated and ampli®ed, and the protein was overexpressed in mouse plasmacytoma cells (Mai et al., 1995) . In this study, we tested the genomic stability of c-myc, DHFR, and CAD, all of which were ampli®ed concomitant with c-Myc overexpression in cells isolated from p53 7/7 cells (Yin et al., 1992; Livingstone et al., 1992) . A role for c-Myc in PALAinduced CAD ampli®cation has not been described. Recent work suggests that c-Myc is involved in the transcriptional regulation of the CAD gene (Boyd and Farnham, 1997) . Since c-Myc acts both as a transcription and replication factor, one may propose a role for c-Myc not only in the transcriptional activation, but also in the replication/ampli®cation of the CAD gene. Consistent with this idea, we have recently observed the PALA-dependent upregulation of c-Myc protein levels in p53 7/7 ®broblasts. Moreover, PALA-induced c-Myc overexpression occurred prior to CAD gene ampli®cation (SM, unpublished observation) . c-Myc overexpression may thus precede the genomic instability of the CAD gene as it does for DHFR (Mai and Jalava, 1994; Mai et al., 1996) , cyclin D2 and ribonucleotide reductase R2 (Kuschak et al., 1997) . Further investigation will show whether c-Myc deregulation is a necessary and limiting molecular event in CAD gene ampli®cation. 
Genomic instability in p53
7/7 embryos and young mice aects several genetic loci, includes c-Myc overexpression, abnormal centrosome numbers and aneuploidy. Further genomic and molecular alterations, such as changes in the expression and/or half life of additional oncogenes, cell cycle related genes, growth factor-mediated signaling, DNA repair, etc., are conceivable, but have not been examined here. During the multistage process of carcinogenesis, all of the above events may ultimately contribute to the selection and evolution of neoplastic cell(s).
Despite extensive genomic alterations, p53 7/7 mice mature without discernible abnormalities until tumors start to appear (Donehower et al., 1992; Jacks et al., 1994) . We show here a high incidence of apoptosis in all p53 7/7 tissues. In addition to interphase cells exhibiting chromosome condensation and a positive TUNEL staining, we detected chromosomes with atypical morphology. These chromosomes stained in the modi®ed TUNEL reaction and thus showed chromatid fragmentation. It is noteworthy that these apoptotic cells usually contained abnormally ampli®ed centrosomes, expressed high levels of c-Myc protein, and displayed aneuploidy and gene ampli®cations. Thus, many of the genetically abberant cells may be eliminated through p53-independent apoptosis. This may explain how p53 7/7 mice seemingly develop normally. However, the yield of p53 7/7 ospring from heterozygous crosses has been reported to be only *60% of the expected yield (Jacks et al., 1994) , suggesting that some homozygous lethality occurs during embryogenesis. Indeed, we observed genomic alterations in a fraction of embryonic cells (Fukasawa et al., 1996 , and this study). Since c-Myc has been implicated in apoptosis (reviewed in, Amati and Land, 1994; Harrington et al., 1994; Packham and Cleveland, 1995) and apoptosis occurs in the presence of elevated c-Myc expression in p53 7/7 mice, we are currently examining the possible role of c-Myc in apoptosis of genomically unstable p53 7/7 cells.
Materials and methods
Mice, cell suspensions, cell culture
Mice were obtained from Taconic farms (CA, USA), with the exception of two p53 +/+ parental C57B1/6 mice that were obtained from Charles River (Quebec, Canada). Nine p53 7/7 and six p53 +/+ mice between 4 and 6 weeks old were used to prepare single cell suspensions of spleen, bone marrow, and thymus. Ten-day-old skin-and spleen-derived primary ®broblasts (passage 0) were also obtained from these mice by explanting subcutaneous skin tissue pieces and spleen fragments into RPMI 1640 medium supple- 7/7 cells exhibit atypical chromsome morphology, gene ampli®cation, elevated c-Myc protein levels and abnormally ampli®ed centrosomes. Metaphase plates were prepared and evaluated as described (Mai, 1994; Mai et al., 1995 Mai et al., , 1996 . (a) shows a p53 7/7 thymus-derived Giemsa-stained aneuploid metaphase plate. (b) p53 7/7 spleen-derived chromosomes with atypical morphology. Such chromosomes were present in all organs examined. (c) TUNEL assay was performed on p53 7/7 bone marrow-derived morphologically atypical chromosomes. Extensive chromatid fragmentation was observed, as shown by a strong positive TUNEL reaction (yellowish green). DNA was counterstained with propidium iodide. Intact DNA stretches can be identi®ed in orange, and the fragmented chromatids can be recognized by their yellowish green staining. (d) FISH analysis of bone marrowderived chromosomes with atypical morphology. Chromosomes were counterstained with DAPI. Both c-myc (green) and DHFR (red) were ampli®ed. (e) Spleen-derived interphase cells with chromatin condensation typical of apoptosis (arrows) and DNA fragmentation as determined by the TUNEL assay (dUTP-¯uorescein incorporated by TdT) (yellowish green, arrows). DNA was counterstained with PI. The number of apoptotic cells in p53 7/7 mice ranges between 2 and 11% in thymus, spleen, ®broblasts and bone marrow. (f) Representative image showing apoptosis in p53 7/7 thymocytes. p53 7/7 thymocytes were immunostained for cMyc (red) along with TUNEL assay and DAPI staining (blue). The cell indicated by an arrow shows chromatin condensation typical of apoptotic cells, and expresses high levels of c-Myc. Fragmentaed nuclei and damaged DNA can be recognized by yellow/ yellowish green staining. (g) shows a p53 7/7 bone marrow cell displaying a typical apoptotic phenotype immunostained with anti-gtubulin. The centrosomes are indicated by arrows mented with 10% fetal calf serum, 2 mM L-glutamin, and 1 mM sodiumpyruvate. Hematopoietic cells were prepared from fetal livers of 16-day-old embryos. Ten fetal livers were pooled for further analyses.
g-tubulin immunostaining
Cells isolated from mice were seeded onto the slides. Samples were ®xed in 3.7% formaldehyde in phosphate buered saline (PBS) for 20 min at room temperature (RT). Cells were then incubated in the blocking solution (10% normal goat serum in PBS) for 1 h at RT. The samples were then incubated with anti-g-tubulin antibody raised against CSREIVQQLIDEYHAATRPDYISWGTQ for 1 h at 378C. The samples were then washed extensively in PBS, followed by incubation with¯uorescein isothiocyanate (FITC)-conjugated goat anti-rabbit immunoglobulin G (IgG) for 30 min at RT. The samples were then washed extensively in Tris buered saline (TBS), followed by 4',6' diamidino-2-phenylindole (DAPI) DNA staining (1 mg/ml). For each cell type, 4400 cells were examined.
c-Myc determination
Quantitative¯uorescent immunohistochemistry was used to determine c-Myc protein levels in single cells directly isolated from the mice. Following immunohistochemistry with 20 ng/slide of a monoclonal anti c-Myc antibody 3C7 (Evan et al., 1985) and a secondary antibody (anti-mouse IgG-Texas Red; Southern Biotechnology Associates, Inc., USA) at 10 ng/slide, images were acquired using a Zeiss Axiophot microscope, coupled to a CDD camera (Optikon/ Photometrics), and the relative¯uorescence intensity per pixel (one pixel=6.8 mm) was analysed on a Power Mac 8100, using IPLabSpectrum and Multiprobe softwares, version 3.1 (Signal Analytics, USA). One hundred to three hundred cells were evaluated per sample.
Cytogenetics and¯uorescent in situ hybridization (FISH)
Metaphase spreads for cytogenetic analysis, FISH and a modi®ed TUNEL assay (see below) were performed according to standard protocols (Mai, 1994; Mai et al., 1996) using cells directly isolated from the mice. Analyses of interphase cells by FISH, CPFA (see below) and the TUNEL assay (Li et al., 1995) were carried out on cytospin preparations. FISH determination of metaphase chromosomes and interphase cells was performed as described (Mai, 1994; Mai et al., 1996) . All probes used have been described elsewhere (Mai et al., 1996) , except the CAD probe (a generous gift from Dr George Stark, The Cleveland Clinic Foundation, OH). The number of metaphase plates evaluated for cytogenetic analyses was 50 per organ and 100 per fetal liver cells. The number of metaphase plates and interphases evaluated for FISH analyses was 100 per sample. Using the IPLabSpectrum and Multiprobe softwares (Signal Analytics, USA), ampli®ed signals were determined with the`Line Measurement' function; relative¯uorescent intensities per pixel (one pixel=6.8 mm) were measured for single and ampli®ed hybridization signals. As signal is classi®ed as ampli®ed if the ratio between the relative¯uorescent intensity per pixel of ampli®ed vs the relative¯uorescent intensity per pixel of single copy signals is 42 in one hundred interphase cells.
Combined protein/FISH analysis (CPFA)
To visualize c-Myc protein expression and genomic (in)stability within the same cells, we combined immunohistochemical analysis and FISH. Cells immobilized on slides were ®xed (3.7% formaldehyde), permeabilized (0.2% Triton X-100), incubated with 20 ng/slide of the anti-cMyc monoclonal antibody (3C7, Evan et al., 1985) , followed by the secondary Texas Red-conjugated goat anti-mouse IgG (Southern Biotechnology Associates, Inc, USA) (10 ng/ slide). The nuclei were counterstained with DAPI (1 mg/ml in PBS), photographed, and the positions were recorded. Thereafter, the slides were processed for FISH analysis as described (Mai, 1994; Mai et al., 1996) . Cells in the recorded positions were re-evaluated for their respective gene copy numbers. A microscopic ®eld of 10 4 to 10 5 cells was analysed, and 100 cells were evaluated per sample. As above, relativē uorescent intensity per pixel was determined using the IPLabSpectrum software (Signal Analytics, USA).
Apoptosis assays
The TUNEL assay was performed on interphase cells as described (Li et al., 1995) . A modi®ed TUNEL assay was designed to visualize gaps and DNA fragmentation on metaphase chromosomes. Metaphase chromosomes were prepared as described (Mai, 1994; Mai et al., 1996) . Brie¯y, the slides underwent ®xation, RNAse and pepsin treatments, and post®xation. Thereafter, the apoptotic assay was performed using dUTP-¯uorescein and the terminal deoxynucleotidyl transferase (TdT) enzyme according to the suppliers (Boehringer Mannheim, Canada). Chromosomes were counterstained with propidium iodide (1 mg/ml) and analysed as described (Mai, 1994; Mai et al., 1996) . Chromatin condensation was visualized with DAPI (1 mg/ ml). One hundred to three hundred cells were evaluated per sample.
Abbreviations CAD, carbamoyl-phosphate synthetase-aspartate transcarbamoyl-dihydroorotase; DHFR, dihydrofolate reductase; FITC,¯uorescein isothiocyanate; DAPI, 4',6'diamindino-2-phenylindole; FISH,¯uorescent in situ hybridization; CPFA, Combined Protein/FISH Analysis; R1, ribonucleotide reductase R1; PALA, N-(phosphonoacetyl)-L-aspartate.
